Abstract. Hepatocellular carcinoma (HCC) is a heterogeneous malignancy type with limited approaches for treatment. Additionally, inappropriate immune therapy indicates that the understanding the underlying mechanism of HCC is necessary. The aim of the present study was to investigate the influence of a novel circular RNA (circRNA), circRNA of AR-suppressed PABPC1 91 bp (CircARSP91), on immune surveillance induced by natural killer (NK) cells. An in vitro cell cytotoxicity assay was performed to determine the cytotoxicity of NK cells against HCC cells. A specific plasmid for circRNA overexpression was used to establish stable cell lines. Additionally, samples from patients with HCC were analyzed to determine the association between the present in vitro data and those of clinical settings. CircARSP91 could increase the susceptibility of HCC cells to NK cell cytotoxicity. Following screening multiple factors that could influence the activation of NK cells, it was determined that such a phenotype may be caused by upregulating UL16 binding protein 1 (ULBP1) expression in HCC cells at the mRNA and protein levels. Additionally, the data generated from patient samples significantly support a positive association between CircARSP91 and ULBP1. In conclusion, CircARSP91 could enhance innate immune surveillance by strengthening the cytotoxicity of NK cells, implying that circRNA may serve a role in tumor immunity.
Introduction
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-associated mortalities globally and accounts for ~80% of all primary liver cancer cases in 2012 (1) . The leading risk factor for HCC is cirrhosis arising from viral hepatitis, alcoholic liver disease and non-alcoholic fatty liver disease (2) . Thus far, only a limited portion of patients with HCC globally qualify for primary resection or liver transplantation as a HCC treatment, while the remaining patients have no efficient treatment to prolong survival time (3) (4) (5) . Sorafenib is the only drug approved by the Food and Drug Administration in USA for advanced HCC, but with unsatisfactory effects (6, 7) .
Such a dilemma causes researchers to continue the search for novel therapeutics that could also improve the early diagnosis rate of HCC (8) . However, an improved understanding of HCC initiation and progression is the precondition for future progress in developing novel treatments (9) . Recently, circular RNAs (circRNAs) have emerged as novel molecules that mediate tumor biological behavior and function through multiple mechanisms (10) (11) (12) (13) . However, circRNAs in HCC are only mentioned by a limited number of publications (12) (13) (14) . Additionally, the notable sex disparity observed in HCC initiation and prognosis is always considered as an important phenotype (15) .
Recently, a study reported a functioning circRNA determined in HCC and termed it circRNA of AR-suppressed PABPC1 91 bp (CircARSP91; hsa_circ_0085154) (16) . According to their report, CircARSP91 could suppress HCC proliferation with no effect on metastasis. Notably, it was determined in the present study that CircARSP91 in tumor cells could alter the susceptibility to the cytotoxicity of natural killer (NK) cells in HCC. Additionally, the best of our knowledge, no publication has illustrated circRNA function in tumor immune surveillance. During mechanism dissection, it was successfully demonstrated that CircARSP91 may enhance the cytotoxicity of NK cells against HCC via upregulating UL16-binding protein-1 (ULBP1), a killer cell lectin similar to the receptor K1 (NKG2D) ligand that mediates the interaction between tumor cells and NK cells (17 (19) .
In vitro transfection and infection. The overexpression plasmid for CircARSP91, pCDH-CircARSP91 and its empty vector, pCDH, were provided by Professor Cai Xiujun produced as previous described (16) . The pCDH-CircARSP91 and empty vector pCDH (#72265; Addgene, Inc., Cambridge, MA, USA) could express green fluorescence protein as a marker for infection. Cells (SK-Hep1 and MHCC-97H) stably expressing CircARSP91 were established based on a previous report (18) . Briefly, 293T cells (ATCC) were transfected with pCDH (or pCDH-CircARSP91), psPAX2 (#12260; Addgene, Inc.) packaging plasmid and pMD2.G (#12259; Addgene, Inc.) envelope plasmid for 48 h to obtain the lentivirus supernatant, which was frozen at -80˚C for later infection to produce stable polyclonal populations. Small interfering RNAs (siRNAs) targeting CircARSP91 were designed and generated by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). For the siRNA interference assays, cells (SK-Hep1 and MHCC-97H) were transfected using the Lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) reverse transfection protocol, according to the manufacturer's protocols (10 µg siRNA transfected for 48 h prior to the subsequent experiments). The control group for the knocking down experiments used scramble sequence. The sequences of siRNA were: si-CircARSP91 #1, 5'-CAG ACC TCA TCA CTC AGA A-3'; si-circARSP91 #2, 5'-CCA GAC CTC ATC ACT CAG A-3'; si-circARSP91 #3, 5'-CCT CAT CAC TCA GAA CCG T-3'; and si-scramble, 5'-CCG AAG GCC GTG TCC CGA G-3'.
In vitro cytotoxicity assays. In vitro cytotoxicity assays were performed using NK-92MI cells and HCC tumor cell lines (SK-Hep1 and MHCC-97H). The tumor cells were seeded at a density of 60% in humidified incubator at 37˚C overnight. Subsequently, tumor cells were washed three times with phosphate buffered saline (PBS) and labeled with carboxyfluorescein succinimidyl ester (CFSE; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), according to manufacturer's protocols (20) . Following the washing steps (three times with PBS), NK-92MI cells were added in and co-cultured with target cells (SK-Hep1 and MHCC-97H) at effector cell:target cell (E:T) ratios of 5:1 for 4 h at 37˚C in an atmosphere containing 5% CO 2 in DMEM supplemented with 10% FBS as previously described (21, 22) . A culture of target cells alone was used as a negative control. Each experimental condition was performed in triplicate. The cells were then washed three times with PBS containing 0.5% bovine serum album (Miltenyi Biotec, Inc., San Diego, CA, USA) and stained with propidium iodide (PI) (Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer's protocol, prior to data acquisition on a BD LSRII flow cytometer (BD Biosciences, Franklin Lakes, CA, USA). The data were analyzed using FlowJo 10.0 (FlowJo LLC, Ashland, OR, USA). The target cells were identified as CFSE-positive (+), and the effector cells were identified as CFSE-negative (-). The dead target cells were identified as CFSE+/PI+. Spontaneous death was defined as the proportion of dead target cells cultured alone (negative control), and this value was subtracted from the proportion of dead target cells co-cultured with effector cells. Each cytotoxicity assay was repeated in at least three independent experiments. Cytotoxicity was calculated as % cytotoxicity =100x [ ELISA. Conditioned media (CM) collected from the interaction between HCC cells and NK-92MI cells were evaluated using a granzyme B ELISA kit (BMS2027; Thermo Fisher Scientific, Inc.). The standard curve was produced to determine the granzyme B concentration. In brief, the CM was collected 2 h later after adding NK-92MI cells to HCC cells (SK-Hep1 and MHCC-97H). The control groups had no NK-92MI cells added. Subsequently, the CM was incubated with an antibody-coated plate (from the ELISA kit) for further detection. All the procedures were performed according to the manufacturer's protocols.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was isolated using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 1 µg total RNA was subjected to reverse transcription using Superscript III transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was conducted using a Bio-Rad CFX96 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with SYBR ® Green (Invitrogen; Thermo Fisher Scientific, Inc.) to determine the mRNA expression level of a gene of interest. The expression levels were normalized to that of GAPDH RNA (forward, 5'-TGT GGG CAT CAA TGG ATT TGG-3' and reverse, 5'-ACA CCA TGT ATT CCG GGT CAA T-3'). The primers used are as follows: Major histocompatibility complex class I polypeptide-related sequence A (MIC)-A, forward, 5'-CTT CAG AGT CAT TGG CAG ACA T-3', and reverse, 5'-TGT GGT CAC TCG TCC CAA CT-3'; MIC-B, forward, 5'-TCT TCG TTA CAA CCT CAT GGT G-3', and reverse, 5'-TCC CAG GTC TTA GCT CCC AG-3'; ULBP1, forward, 5'-TAA GTC CAG ACC TGA ACC ACA-3' , and reverse, 5'-TCC ACC ACG TCT CTT AGT GTT-3'; ULBP2, forward, 5'-AGCAACTGCGTGACATTCAG-3', and reverse, 5'-GCC ATC CTA TAC AGT CTC CCA-3'; ULBP3, forward, 5'-TCT ATG GGT CAC CTA GAA GAG C-3', and reverse, 5'-TCC ACT GGG TGT GAA ATC CTC-3'; B7-H6, forward, 5'-CTT TTA TTC CCA ACC CCT CAA CA-3' , and reverse, 5'-CAC ATC GGT ACT CTC CTG CTT-3'; interleukin (IL)-12a, forward, 5'-CCT TGC ACT TCT GAA GAG ATT GA-3' , and reverse, 5'-ACA GGG CCA TCA TAA AAG AGG T-3'; IL-12b, forward, 5'-ACC CTG ACC ATC CAA GTC AAA-3', and reverse, 5'-TTG GCC TCG CAT CTT AGA AAG-3'; IL-15, forward, 5'-TTG GGA ACC ATA GAT TTG TGC AG-3' , and reverse, 5'-GGG TGA ACA TCA CTT TCC GTA T-3'; poliovirus receptor (PVR), forward, 5'-TGG AGG TGA CGC ATG TGT C-3', and reverse, 5'-GTT TGG ACT CCG AAT AGC TGG-3'; Poliovirus receptor-related 2, forward, 5'-GGA TGT GCG AGT TCA AGT GCT-3', and reverse 5'-TGG GAC CCA TCT TAG GGT GG-3'; and CircARSP91, forward, 5'-GGT GCC AGA CCT CAT CAC TC-3', and reverse 5'-GAG CAG TCC AGC GAG GAC TT-3'. The thermocycling conditions were: 95˚C for 3 min, and then 95˚C for 10 sec and 55˚C for 30 sec for 40 cycles, followed by storage at 4˚C. Normalization was performed using the 2 -ΔΔq method (23) .
Western blot analysis. Cells were lysed in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology), and proteins were determined by the BCA method (Pierce™ Microplate BCA Protein assay kit, Thermo, Fisher Scientific, Inc.). A total of 60 µg were separated on 10% SDS-PAGE, followed by transferring to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking the membranes (5% non-fat milk in tris-buffered saline with 0.05% Tween-20 at room temperature for 1 h), they were incubated with appropriate dilutions of specific primary antibodies (4˚C for overnight) and then were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (room temperature for 1 h). Subsequently, they were visualized using the enhanced chemiluminescent system (Thermo Fisher Scientific, Inc. Fig. 4 . IHC staining for ULBP1 was performed using a standard streptavidin-biotin-peroxidase immunostaining procedure (16) . The antibody used for anti-ULBP1 was identical to that used in western blotting, but with a dilution of 1:100. The cutoff was set as 5%, according to previous publication (24) . Appropriate positive (normal human liver tissue) and negative controls (without primary antibody incubation) were used in each case.
Nude mouse liver orthotopic tumor model. A total of 12 male 6-8-week-old nude mice were purchased from Vital River Laboratory Animal Technology Co. Ltd., (Beijing, China). Mice were housed in a temperature at 27˚C, 50% relative humidity, alternately exposed to light for 10 h and without light for 14 h pathogen-free environment. All mice had free access to food and water. The mice were randomly divided into two groups. The MHCC97H vector and MHCC97H pCDH-ARSP91 cells were engineered to express the luciferase gene (PCDNA3.0-luciferase; cat no. #21375; Addgene, Inc.) by stable transfection as previously described (18, 22) , and the positive stable clones were selected with G418 and expanded in culture. The cells were resuspended in PBS with extracellular matrix Matrigel at a 1:1 ratio. Each group was co-injected with vector or pCDH-ARSP91 cells (MHCC-97H) and NK-92MI cells (E:T ratio=1:5) into the left lobe of the liver as previously described (18, 22) . A tumor cell concentration of 5x10 7 cells/ml in a 120-µl volume was injected into each mouse. Following injection, pressure was applied to the injection spot with a cotton bud for 3 min to prevent bleeding. Subsequently, the abdominal cavity was closed with a suture. Each group contained one mouse that succumbed following injection surgery due to liver bleeding. Additionally, the necessary procedure was performed to minimize the pain of the mouse based on 3R principles (25) , including conducting the surgery under general anesthesia status and sacrificing the mouse appropriately. The interaction between tumor cells and NK cells should last 3 days (18, 22) . Following the cytotoxicity function of co-injected NK cells, the remaining quantity of tumor cells may be different resulting in a differing tumor size, based on the expression level of circ-ARSP91 of the HCC cells. Tumor formation and size were tracked using a Fluorescent Imager (IVIS Spectrum; PerkinElmer, Hopkinton, MA, USA; www.perkinelmer.com) starting 2 weeks after tumor injection and using a mouse tail vein injection of 150 mg/kg luciferin.
The mice were sacrificed after 8 weeks by cervical dislocation, and the liver tumors were isolated for weighing. Prior to weighing, the isolated tumors were maintained in PBS. All animal studies were approved by the Ethics Committee of Experimental Animals of Zhejiang University (Shengzhou, China) and performed under the supervision and guidelines of the Zhejiang University (http://www.lac.zju.edu.cn/).
Statistical analysis. The data are expressed as the means ± standard deviations from ≥3 independent experiments. Statistical analyses involved an unpaired t-test, one-way analysis of variance (with the Student Newman-Keul's method used for the post-hoc test) and Spearman's correlation with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Establishment of HCC cell lines with stably overexpressed or knocked down CircARSP91. To assess the function of
CircARSP91 on the biological behavior of HCC, HCC cells with a stable expression of CircARSP91 were established based on a previous report (18) . The formation of CircARSP91 was performed in a previous tudy by the circularization of exon 9 of PABPC1, indicating that the total length of CircARSP91 was small (91 bp), compared with other reported constructs, including circRNA sponge for miR-7 (1,485 bp; Fig. 1A) (10) . A total of 3 knockdown siRNA constructs were designed based on the junction site of CircARSP91, and the knockdown efficiency was assessed (Fig. 1B) . Subsequently, si-CircARSP91 #1 was selected for subsequent experiments, and stable CircARSP91 knockdown was performed in SK-Hep1 and MHCC97H cells (Fig. 1C) . These two cell lines have a moderate endogenous expression level of circARSP91 (qPCR Cq values of ~25 for SK-Hep1 and 27 for MHCC97H, with GAPDH having a value of ~19; data not shown). Additionally, CircARSP91 overexpression was performed in the identical cell lines successfully using a lentivirus system (Fig. 1D) . The transfection efficiency of the lentivirus was evaluated by the fluorescence intensity (Fig. 1E ).
These results demonstrate the successful establishment of overexpressed and knockdown cells.
CircARSP91 increases the susceptibility of HCC cells to NK cell cytotoxicity.
Following acquiring HCC cells that modulate the expression of CircARSP91, the cytotoxicity of NK cells was assessed against them. In brief, HCC cells were stained with CFSE first, followed by co-culturing stained HCC cells with NK-92MI cells at an E:T ratio of 5:1 for 4-8 h. Thereafter, PI staining was performed to localize the damaged tumor cells, and the final detection was performed using flow cytometry. Fig. 2A and B) . Notably, it was determined that CircARSP91 could upregulate the susceptibility of HCC cells to NK cell cytotoxicity, indicating that the overexpression of CircARSP91 caused HCC cells to become increasingly vulnerable to NK cells while the knockdown of circARSP91 assisted tumor cells in escaping from the immune surveillance of NK cells (Fig. 2C) . Additionally, since increased granzyme B release resulted in improved activated status of NK cells, the CM from the cytotoxicity assay was collected and the granzyme B concentration was detected among different groups. The results indicated that CircARSP91 could significantly enhance NK-92MI cell activation (Fig. 2D) .
CircARSP91 enhances the cytotoxicity of NK cells via upregulating ULBP1 in HCC.
Previous reports reported the association between AR and the cytotoxicity of NK cells in HCC by screening molecules that could influence the interaction between NK cells and HCC tumor cells (18, 22) . Subsequently, similar screening was performed using RT-qPCR and it was determined that the expression of ULBPs was significantly increased following overexpressing CircARSP91 in the HCC cell lines (Fig. 3A and B) . However, when it was attempted to verify the mRNA level results by immunoblotting, only the ULBP1 level was demonstrated to be increased by CircARSP91 (Fig. 3C) . Additionally, the knockdown data indicated a consistent trend (Fig. 3D) .
ULBP1 expression is positively correlated with CircARSP91
in human HCC samples. To further investigate the correlation between ULBP1 and CircARSP91, 23 human HCC samples were collected from Shengzhou People's Hospital from September 1, 2014, to October 1, 2016. Subsequently, the total RNA was extracted from these samples and the CircARSP91 expression level was detected, which could be divided into three grades, low, medium and high expression (Fig. 4A) . Additionally, IHC staining was performed in the same samples to determine the ULBP1 level, and the representative images are depicted in Fig. 4B . Thereafter, Spearman's correlation was performed, and a positive correlation (R= 0.4252, P= 0.0383) was revealed (Fig. 4C) . 
The CircARSP91 expression level enhances the cytotoxicity of NK-92MI cells in an orthotopic HCC mouse model.
To confirm the aforementioned in vitro cell line data in vivo, an orthotopic xenograft nude mouse model was developed, as previously described (18) . In brief, the HCC cell line MHCC97H with or without overexpressed CircARSP91 were co-injected with NK-92MI cells at an E:T ratio of 5:1 into the left lobes of nude mouse livers. The tumor formation and size were tracked using an IVIS detection system. A total of 8 weeks after injection, the IVIS images revealed that the tumor size of the pCDH-ARSP91 group was notably smaller, compared with the control group, implying that CircARSP91 caused tumor cells to be more vulnerable to the cytotoxicity of NK cells (Fig. 5A) . Since a large amount of NK cells was injected and the effect of these NK cells would be fast and strong (18) , the phenotype generated should not be due to endogenous NK cells. Following sacrificing the mice, the results from the tumor weight measurements indicated a consistent conclusion (Fig. 5B) . However, only one mouse exhibited metastasis, which makes the comparison of metastasis status between the two groups unpractical.
Discussion
In the present study, a novel function of CircARSP91 that could enhance the cytotoxicity of NK cells against HCC tumor cells was elaborated. Such a phenotype may be due to one of the NKG2D ligands, ULBP1, which could be upregulated by CircARSP91 at the mRNA and protein levels. Additionally, when human HCC samples were used to perform IHC staining and RT-qPCR, a positive association was identified between CircARSP91 and ULBP1. A detailed mechanism dissection is still required to gain a more comprehensive explanation of how CircARSP91 regulates ULBP1. As for the direct function of CircARSP91 in HCC tumor cells, it was considered that this would not interfere with the observation of the cytotoxicity of NK cells. The cytotoxicity was measured based on the membrane damage and cell lysis while CircARSP91 would not influence these aspects according to the present observation during cell culture.
The function of circRNAs has been illustrated based on their ability to act as a miRNA ʻsponge', blocking miRNA regulation of target genes (10, 26) . However, a previous study on CircARSP91 reported that CircARSP91 may not function as a miRNA sponge due to it being predicted to bind tumor suppressors instead (16) . Furthermore, an increasing number of researchers have regarded the sponging function of circRNAs as exceptional due to the majority of circRNAs not having sufficient miRNA-binding sites to function as sponges (27, 28) . Recently, other molecular mechanisms of gene regulation by circRNAs have been reported (29) . For example, circRNAs, including circular poly(A) binding protein nuclear 1, can act as competitors with their cognate mRNA for RNA binding proteins and can modulate the rate of translation of target mRNAs (30) . Additionally, a circRNA derived from the SEPALLATA3 gene was demonstrated to interact with its cognate DNA, and affect the recruitment of splicing factors to the nascent transcript and influence splicing by exon-skipping (31) . In the present study, the mRNA and protein of ULBP1 were upregulated by CircARSP91, and it was considered that CircARSP91 may interact with the ULBP1 promoter region and recruit RNA polymerase II to enhance the expression of the ULBP1 gene, as previously reported (32) , or that CircARSP91 could indirectly modulate ULBP1 by other mechanisms.
ULBP1, an NKG2D ligand, could activate receptors expressed by NK cells primarily involved in the elimination of transformed and infected cells (33) . Researchers have reported that numerous drugs (like cisplatin and trichostatin A) could influence the status of ULBPs by enhancing the cytotoxicity of NK cells (22, 34) . However an increasing number of investigations have tried to apply NK cell-associated therapy against cancer (35, 36) . Therefore, it was considered that with accumulated evidence NK cell-associated therapy could progress toward the next stage for patients with cancer in the near future. In the present study, the association between non-coding RNA and NK cells was determined for a novel circRNA, CircARSP91, which could boost the expression of ULBP1 and assist NK cells in identifying target tumor cells. To the best of our knowledge, this circRNA-associated immune system phenomenon in HCC has not been published elsewhere. Notably, this data could provide valuable information for the future development of associated therapeutics to improve the control of liver cancer.
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